Background Despite the current obesity epidemic, maternal underweight remains a common occurrence with potential adverse perinatal outcomes. Our objective was to determine the relationship between maternal underweight and preterm birth (PTB) and low birth weight (LBW) in singleton pregnancies in developing and developed countries.
Methods
We followed the MOOSE consensus statement. We searched MEDLINE and EMBASE from their inceptions. We included studies that assessed the effect of maternal underweight compared with normal weight according to body mass index in singleton gestations on our two primary outcomes: PTB (<37 weeks) and LBW (<2500 g). Two assessors independently reviewed citations, extracted data and assessed quality.
Results
A total of 78 studies were included involving 1 025 794 women. The overall risk of PTB was increased in the cohort studies of underweight women [adjusted relative risk (RR) Conclusions In this systematic review and meta-analyses, we determined that singletons born to underweight women have higher risks of PTB (overall, spontaneous and induced) and LBW than those born to women with normal weight.
Introduction
Despite the current obesity epidemic, at the other end of the spectrum, maternal underweight is also common. For instance, 4.3% of pregnant women in the UK 1 and 9.0% of women in China 2 are underweight at the first antenatal visit according to the World Health Organization's (WHO's) definition of body mass index (BMI) <18.5 kg/m 2 . Moreover, 13.3% of Chilean women had a BMI <21 kg/m 2 , 3 and a population-based Swedish study observed that 9.6% of women had a BMI in the range of 15-19.9 kg/m 2 . 4 Whether maternal underweight is associated with increased, 5 decreased 6 or neutral risks 7 of preterm birth (PTB) is debated in the literature. PTB persists as the leading cause of neonatal morbidity and mortality 8 and low birth weight (LBW) is the second most important. 9 In order to accurately risk-stratify a pregnancy at its start as is routinely required, it is important to know the impact of maternal underweight on PTB and LBW. We therefore undertook a systematic, comprehensive and unbiased accumulation and summary of the available evidence from all study designs with a reference group of women with normal weight to determine the direction and magnitude of the effect of maternal underweight on both PTB and LBW in singleton pregnancies in developed and developing countries.
Methods
We performed a systematic review and meta-analyses following the MOOSE consensus statement on the conduct of meta-analysis of observational studies. 10 This study is part of a large constellation of systematic reviews examining determinants of PTB/LBW, and one of a series on maternal anthropometry. 11 
Search strategy
We searched MEDLINE (1950 to 2 January 2009) and EMBASE (1980 to 2 January 2009) with the help of an experienced librarian using individual comprehensive search strategies for each database (Supplementary Data #1 available at IJE online). Additional eligible studies were sought by reviewing the reference lists of identified articles.
Study eligibility criteria Inclusion criteria
For the constellation of systematic reviews examining maternal anthropometry, we included randomized trials (although there were none), cohort studies and case-control studies with a reference group of normal weight women if (i) one or more of the following maternal anthropometry variables were assessed as a predictor variable: body mass index (BMI, assessed before pregnancy, during pregnancy or postpartum), weight (assessed before pregnancy), gestational weight gain, attained weight or height (assessed before pregnancy), and (ii) one or more of the following outcomes: PTB (<37 weeks, 32-36 weeks and <32 weeks), LBW (<2500 g), very LBW (VLBW <1500 g), extremely LBW (ELBW <1000 g). For this particular systematic review of maternal underweight, we included studies with any BMI definition of underweight (as defined by the original study) with a reference group. We included studies that used self-reported BMI, as well as studies in which the participants had objective BMI assessments or in which information was obtained from medical charts or databases.
Exclusion criteria
We excluded duplicate publications and studies published only as abstracts. We excluded studies if they involved less than 10 pregnant women. We excluded studies with twins unless stratification allowed extraction of data for singletons.
Outcome measures
Our primary outcomes were PTB (defined as birth before 37 weeks of gestation) and LBW (birth weight <2500 g) in singletons. Where possible, we then subdivided PTB into spontaneous and induced PTB. Secondary outcomes were:
(i) PTB from 32 to 36 weeks and PTB <32 weeks.
(ii) VLBW (birth weight <1500 g) and ELBW (birth weight <1000 g).
We also reported those studies that met the above inclusion criteria and mentioned the following outcomes.
(iii) Intrauterine growth restriction (IUGR, defined as birth weight <10% for gestational age). (iv) Birth weight (in grams). (v) Gestational age at birth (in weeks). Data collection process and data items Two reviewers (two of Z.H., S.D.M., S.M. and G.L.) independently extracted the following data from full-text articles: country of origin, time span of the study (years), study design, characteristics of participants, outcomes and information on bias. A pilot data collection form was generated, tested and modified prior to tabulation of the final data. We included information available from the publications. Inconsistencies were checked and resolved through the consensus process described above, with a third person available as an adjudicator.
Study selection

Data synthesis
The Review Manager software (version 5.0; the Cochrane Collaboration, Oxford, UK) was used for statistical analyses. Meta-analyses were performed from available data. Crude and separately adjusted, dichotomous data from cohort studies were meta-analyzed using relative risks (RRs), whereas crude and separately matched dichotomous data from case-control studies were pooled using odds ratios (ORs). (Please note that for our two primary outcomes, PTB and LBW, both crude and adjusted risks are presented in the body of the manuscript. For all other outcomes, the adjusted risks alone are presented in the article, unless only crude data existed. All results are in the tables.) Continuous data were analyzed with a mean difference. Weighting of the studies in the meta-analyses was calculated based on the inverse variance of the study. The random effects model was chosen because it accounts for both random variability and the variability in effects among the studies as we expected a degree of clinical and statistical heterogeneity among the studies, which were all observational. Crude, matched and adjusted data were initially each pooled separately and then data that were matched and/or adjusted were pooled together. Where required and when the incidence of the outcome was rare, in order to be able to pool data, adjusted RRs were calculated from adjusted ORs. 12 As is typical in meta-analyses, no adjustment for multiple analyses was made. Clinical heterogeneity was evaluated and reported in the table of included studies. We calculated the I-squared (I 2 ) value to measure heterogeneity. An I 2 value represents the percentage of total variation across studies because of heterogeneity rather than chance. 13 I 2 values of 25, 50 and 75% have been regarded as low, moderate and high heterogeneity. 13 
Sensitivity analyses
Sensitivity analyses were performed using a few a priori chosen groups to examine the effects of (i) level of material well-being (developed vs developing countries), 14 (ii) study quality (see Quality Assessment section that follows and Supplementary Data #2 available at IJE online), (iii) youth (adolescence vs adult) and (iv) race (black vs white). Several post hoc sensitivity analyses were performed examining the effects of (i) self-reported vs measured BMI, (ii) timing of BMI assessment (before pregnancy, during pregnancy or postpartum) and (iii) using exact cut-offs for BMI with a reference BMI of 20-25 vs cut-offs close to this, and using a BMI cut-off of 420 to define the underweight women.
Quality assessment
Two reviewers (two of Z.H., S.D.M. and S.M.) independently assessed the study quality using a pre-defined checklist of six types of bias: (i) selection, (ii) exposure, (iii) outcome, (iv) confounding, (v) analytic and (vi) attrition. This bias assessment was developed for a group of 40 meta-analyses that our group is undertaking on determinants of PTB/ LBW. 11, 15 The classification in each category was minimal bias, low risk, moderate risk, high risk of bias and not reported (Supplementary Data #2 available at IJE online). If the authors included 'all' or 'consecutive' patients (or a 'random' selection of controls), selection bias was assessed as 'minimal'. Exposure and outcome assessment were 'minimal' bias if from the hospital record or direct questioning. If three or more variables were adjusted for, confounding bias was assessed as 'minimal'. Analytic bias was 'moderate' if no sample size calculation was done and only a subsample studied, and 'high' if inappropriate analyses done. Attrition was 'minimal' if <10% were lost to follow-up. Studies with (i) high risk of bias or 'not reported' in three or more domains or (ii) an overall assessment of bias as 'high' were excluded by a sensitivity analysis. Selection bias and confounding were given predominance in the overall assessment of bias because of their importance in this meta-analysis.
In order to address publication bias, we showed results without imputation as well as with imputation (the latter using Duval and Tweedie's trim-andfill method for estimating and adjusting for the number and outcomes of missing studies in a metaanalysis, 16, 17 i.e. to adjust for any observed publication bias). A priori we decided to perform the trim-and-fill analyses for outcomes with 510 studies as there were concerns of reliability for outcomes with fewer studies. The generic inverse variance method was used to calculate study-specific weights. All analyses were performed using the R statistical and programming software, version 2.9.0. (R Foundation for Statistical Computing, Vienna, Austria).
Results
A total of 6283 non-duplicate titles and abstracts were identified in our searches (Figure 1 ). Based on our screening process, 503 citations were selected to undergo full-text article review and a further 52 articles were identified from reference lists, yielding a total of 555 full articles reviewed. The most common reasons for exclusion were study design and failure to report any outcomes of interest.
Seventy-eight studies were included: 52 cohort studies 2, [5] [6] [7] (of which 48 had data that were pooled) and 26 case-control studies (all of which had pooled data), involving a total 1 025 794 women with 174 980 underweight women and 785 697 normal weight women in the cohort studies and 11 879 cases and 52 279 controls in the case-control studies (Tables 1 and 2 ). The studies originated predominantly from developed countries although developing countries were also represented. The studies assessed BMI by self-report and by measurement, mainly at the first antenatal appointment, and used a variety of BMI cut-offs to define underweight (Tables 1 and 2 ).
PTB
The overall risk of PTB <37 weeks was increased in underweight women compared with normal weight women [in both crude and adjusted data, RR 1.21, 95% confidence interval (CI) 1.14-1.28, 32 studies, and RR 1.29, 95% CI 1.15-1.46, 14 studies, respectively] (Table 3 , Figures 2 and 3) . Similarly, there were increased risks of spontaneous PTB <37 weeks (adjusted RR 1.32, 95% CI 1.10-1.57, eight studies) and induced PTB <37 weeks (adjusted RR 1.21, 95% CI 1.07-1.36, four studies) in underweight women compared with normal weight women. Two studies mentioned the reasons for induction: 'severe preeclampsia and intrauterine growth retardation or other signs of fetal compromise' 65 and medically induced PTB was that 'not preceded by spontaneous labour or spontaneous rupture of membranes'. 47 (For outcomes other than our two primary outcomes, PTB overall and LBW, the adjusted risks alone are presented in the article, unless only crude data existed. Complete results for crude and adjusted data are in the tables). Similarly, the risk of PTB from 32 to 36 weeks was increased (adjusted RR 1.25, 95% CI 1.09-1.43, two studies) in underweight women. The risk of PTB <32 weeks was not increased (adjusted RR 1.13, 95% CI 0.92-1.38, four studies).
The above pooled results were generally supported by the findings of three cohort studies, the format of whose data did not permit pooling. 18, 26, 28, 64 Women with normal BMI (20-24.9 kg/m 2 ) had a lower risk of PTB (33-36 weeks, as well as 432 weeks) than women with low BMI (419.9), with adjusted OR of 0.8 (0.8-0.9) and 0.8 (0.7-0.9), respectively. Underweight women had increased risks of PTB <37 weeks (adjusted OR 4.9, 95% CI 1. Figures 4 and 5) . Similarly, underweight women had increased risks of having an infant with moderately LBW (1500-2500 g, adjusted RR 2.10, 95% CI 1.59-2.76, one study), VLBW (<1500 g, adjusted RR 1.54, 95% CI 1.22-1.94, one study) and a trend towards an increase in ELBW (<1000 g, adjusted RR 1.48, 95% CI 0.98-2.23, one study).
The results of the above meta-analyses were supported by the results of two cohort studies whose data could not be pooled, with both showing an increased risk of LBW in underweight women (adjusted OR 5.1, 95% CI 2.1-12.0, 38 and adjusted OR 5.5, 95% CI 2.0-14.6 28 ). Similarly, the case-control studies found an increased risk of LBW in underweight women (in both crude data, OR 1.81, 95% CI 1.16-2.84, three studies, and adjusted data, OR 2.02, 95% CI 1.26-3.14, one study) ( Table 4 ).
Other outcomes
In the cohort studies, underweight women had higher risks of having an infant with IUGR (adjusted RR 1.54, 95% CI 1.38-1.72, four studies), lower mean birth weight (by -153 g, -288 to -79 g, eight studies, unadjusted data) and shorter mean gestation (by -0.14 weeks, -0.21 to -0.06 weeks, three studies) ( Table 3) . None of the case-control studies reported IUGR, birth weight or gestational age at birth.
Quality assessment
Quality assessment (Tables 5 and 6 ) was based on the evaluation of six types of bias: (i) selection bias was unlikely in most studies as the women with low and normal BMIs were usually drawn from the same population. (ii) Exposure bias was possible in most studies, given that the participants self-reported their weight rather that it being objectively measured. Figure 1 Study process of systematic review and meta-analyses of PTB and LBW in underweight women compared with women with normal weight. Review and selection of articles are cohort studies. However, in each of their manuscripts, data were also presented in a format that allowed pooling with case-control data but are listed only in the tables with cohort studies.
d GA: gestational age; GDM: gestational diabetes mellitus; MCH: maternal-child health; NR: not reported in study; NRD: no raw data available in the study, on adjusted OR; PROM: premature rupture of membranes; NA: no information.
(iii) There was little outcome bias given that our outcomes had standard definitions and were objectively measured; for instance, LBW was always defined as birth weight <2500 g. (iv) Confounding was assessed based on the number of variables that were adjusted for. Confounding variables that might explain part or all of the relationship we detected between maternal underweight and PTB or LBW were incompletely addressed in a variety of ways by the included studies: (a) exclusion, (b) matching, (c) comparison of some variables such as age and BMI and determining that they were not different between the exposed and unexposed women and (d) controlling for some variables that were different between the two groups using multiple regression. Most studies assessed some confounding variables; however, no single study addressed all. (v) Many of the studies did not calculate a sample size or power calculation or use matched analyses when indicated. (vi) Attrition bias was rare given that follow-up occurred within the admission to hospital for delivery.
Trim-and-fill analyses
In order to assess publication bias, a priori we planned trim-and-fill analyses for outcomes with 510 studies. The trim-and-fill analysis of PTB <37 weeks suggested that two studies were 'missing' from the initially meta-analyzed crude RR of 1.21, 95% CI 1.14-1.28; however, when the two studies were imputed yielding a risk based on a total of 34 studies, the risk of PTB <37 weeks in underweight women remained almost identical (RR 1.21, 95% CI 1.14-1.29). The unadjusted risk of spontaneous PTB in underweight women was similar with four additional imputed studies (RR 1.31, 95% CI 1.14- A priori defined sensitivity analyses for PTB Many of the categories in the sensitivity analyses had few or no studies.
(i) In developed, but not developing, countries, underweight women had an increased risk of PTB compared with normal weight women (RR 1.22, 95% CI 1.15-1.30, 27 studies, and RR 0.99, 95% CI 0.67-1.45, four studies, respectively) ( Table 7) . (ii) There were no low-quality studies (see Quality Assessment section). (iii) There were no increases in PTB in the study that specified underweight adolescents compared with their normal weight peers (RR 0.97, 95% CI 0.75-1.25 39 ) nor in the two studies A priori defined sensitivity analyses for LBW Many of the categories in the sensitivity analyses had few or no studies.
(i) In both developed and developing countries, underweight women had similarly increased risks of having a singleton with LBW compared with normal weight women (RR 1.48, 95% CI
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Discussion
In this systematic review and meta-analyses, we determined that singletons born to underweight women have higher risks of overall, spontaneous and induced PTB <37 weeks and LBW <2500 g. PTB and LBW are the two most important determinants of neonatal morbidity and mortality. 8 In addition, underweight women have increased risks of having an infant with moderately LBW 1500-2500 g, VLBW <1500 g, IUGR, lower mean birth weight and shorter mean gestation. These findings were generally supported across the continuum of study design and variations in the definition of maternal underweight, as well as across crude and adjusted data.
The association between maternal underweight and LBW and PTB might be explained directly by a lack of nutrients resulting in diminished fetal growth or duration of gestation or indirectly through other associated factors such as smoking, poor diet or medical illness. In developed countries, underweight women may smoke, which may contribute to both PTB and LBW, but women smoke much less often in developing countries. In developing countries, but less in the developed, there is likely a higher proportion of underweight women in the lower socioeconomic classes who are engaged in strenuous manual labour, or possibly have ethnic or genetic predisposition towards thinness. This is the first complete systematic review and meta-analyses to our knowledge of the association of maternal underweight and PTB or LBW. Two previous studies have addressed a portion of the evidence. Honest et al.'s systematic review was limited to spontaneous PTB and found that in seven studies,
Study or subgroup
Adams et al. 65 Barton et al. 46 Bhattacharya et al. 48 Gilboa et al. 55 Haas et al. 37 Hauger et al. 36 Kim et al. 30 Leung et al. 2 Mercer et al. 34 Ronnenberg et al. 63 Savitz et al. 45 Sebire et al. 21 Siega-Riz et al. 22 Smith et al. Figure 3 Forest plot of the risk of having a PTB in underweight women compared with women with normal weight in adjusted data from cohort studies. PTB is defined as birth <37 weeks' gestation. Sizes of data markers indicate the weights of each study in the analysis. Random indicates that the random effects model was used for statistical pooling maternal BMI <20 kg/m 2 was associated with a positive likelihood ratio ranging from 1.01 (95% CI 0.92-1.10) to 1.75 (95% CI 1.33-2.31). 92 However, there have been a number of large studies published since their literature search ended in 2002. A WHO Collaborative study without the standard literature search that forms the basis of systematic reviews meta-analyzed 25 data sets identified by researchers attending a 1990 conference. 93 They found increased risks of PTB (OR 1.3, 95% CI 1.1-1.4) and LBW (OR 1.8, 95% CI 1.7-2.0) and in women with low BMI (<25% quartile) compared with women with higher BMI (475% quartile). 93 Strengths of our meta-analysis include the thoroughness with which the outcomes of PTB and LBW were addressed (including spontaneous and induced PTB as well as varying gestational cut-offs and variations on LBW including <2500, 1500-2500, <1500 and <1000 g). We performed a thorough quality assessment of the included studies and explored heterogeneity with sensitivity analyses. Moreover, we compared the results of crude and matched or adjusted data to try to determine if the perinatal outcomes we found were because of underweight or explained by confounding factors. We undertook a robust analysis of publication bias using trim-and-fill analyses.
Limitations of this systematic review include potential confounding factors (variables besides underweight that might explain the increase in LBW), which were not explored in most of the original studies, such as socio-economic status and smoking. Moreover, none of the studies distinguished between women who were thin but healthy and women who were underweight because they were ill. Presumably most of the women were still able to ovulate, although only one study 47 noted whether reproductive assistance was necessary to conceive. Many studies examining LBW did not either limit to term gestations or stratify term and preterm LBW. Hence, the original studies, and therefore this systematic review, cannot determine if infants who were born preterm and who were LBW were appropriately grown or growth restricted. However, the risk of LBW was higher in underweight women with infants born at term than in studies that did not specify term vs preterm. In many instances, our ability to draw useful information from the sensitivity analyses was limited by the small number of studies in each category, limiting our power to detect significant results. Although many of the studies used self-reported BMI, it has been shown to be very similar to objectively measured BMI in pregnant women. A large study by Schieve 94 observed that the mean difference between measured and reported weight in underweight women was only 0.5 kg (1.1 pounds), and in normal weight women was 1.1 kg (2.5 pounds). Similarly, Lederman 95 observed that pre-pregnancy weight from the clinical record was highly correlated with measured weight as well 
MATERNAL UNDERWEIGHT
Study or subgroup
Baeten et al. 5 Bhattacharya et al. 48 Bondevik et al. 49 Clausen et al. 50 Dubois and Girard 52 Ehrenberg et al. 53 Frederick et al. 29 Gilboa et al. 55 Hulsey et al. 57 Johnson et al. 41 Lawoyin and Oyediran 58 Lumme et al. 59 Maddah 27 Mobasheri and Golalipour 31 Ogbonna et al. 62 Ogunyemi et al. 42 Panahandeh and Purghasemi 32 Rode et al. 35 Ronnenberg et al. 63 Sahu et al. 44 Scholl et al. 39 Tsukamoto et al. 24 Yekta et al. 25 Zhou and Olsen 
IV, Random
Risk ratio (95% CI)
Risk ratio (95% CI) Figure 4 Forest plot of the risk of having an infant with LBW in underweight women compared with women with normal weight in crude data from cohort studies. PTB is defined as birth <37 weeks' gestation. Sizes of data markers indicate the weights of each study in the analysis. Random indicates that the random effects model was used for statistical pooling
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Risk ratio (95% CI) Figure 5 Forest plot of the risk of having an infant with LBW in underweight women compared with women with normal weight in adjusted data from cohort studies. PTB is defined as birth <37 weeks' gestation. Sizes of data markers indicate the weights of each study in the analysis. Random indicates that the random effects model was used for statistical pooling Table 5 Quality assessment of cohort studies included in systematic review and meta-analyses of PTB and LBW in underweight women compared with normal weight women are cohort studies. However, within the manuscript, data were also presented in a format that allowed pooling with case-control data although they are listed only in the tables with cohort studies. Confounding factor bias was done by evaluation of each study's assessment of potential confounders by four methods: (i) adjustment with regression, (ii) matching, (iii) assessment of potential confounders on univariate analyses that were not different and (iv) assessment of potential confounders on univariate analyses that were different and not controlled for.
as with the self-reported value [with underweight women over-reporting by 1.1 kg (2.4 pounds)]. Another study 96 found self-reported weight during pregnancy to be accurate, within 1.4 kg (3 pounds) of measured. Moreover, we performed a post hoc sensitivity analyses examining the effects of (i) self-reported vs measured BMI ( Table 7 ). The risks of PTB were similar in underweight women by self-reported BMI (RR 1.19, 95% CI 1.09-1.30) or measured BMI (RR 1.28, 95% CI 1.14-1.44), as were BMI has a more important influence on outcomes such as PTB and LBW than the amount of weight gained during pregnancy. 97 Although both the Institute of Medicine's 1990 guidelines 98 and the more recent iteration in May 2009 99 advocate higher weight gain for underweight women than normal weight women, risk stratification of the pregnancy is required at the start of the pregnancy, prior to the occurrence of weight gain. We pooled data based on the original studies' definitions of underweight as has been done in other meta-analyses. 11, 93, 100 Thus, in the underweight category, BMI ranged from 418.3 to 423 kg/m 2 (but <20 kg/m 2 in all but three studies), and in the reference group BMI ranged from 18.3 to 29.8 kg/m 2 , but usually <26 kg/m 2 . Using the studies' own definitions overcomes the issue of varying cut-offs between studies for underweight, and moreover, allows the cut-offs to be appropriate to the specific population. Using population-specific BMI cut-offs occurs outside of obstetrics, including for instance, using lower BMI cut-offs for obesity in Asian than Caucasian populations since lower cut-offs have been associated with increased risks of cardiovascular disease. 101 Further research is required to distinguish outcomes in healthy thin women vs women who are underweight because of illness. More study is need on the impact of race and adolescence.
In conclusion, women who are underweight are at increased risk of PTB in developed countries and of LBW in both developing and developed countries.
Underweight women should receive preconception counselling to inform them of their risks. During pregnancy, underweight women may benefit from counselling by a dietician, improved access to nutritious foods or supplements and increased surveillance. There remains considerable work to be done to shift societal values toward normal, healthy weights for women.
